The IR spectra and normal-mode analysis of the adamantane-like compound [Mn 4 O 6 (bpea) 4 -4 -
Although progress has been made in obtaining a crystal structure of PS II, 2 most of our electronic and structural knowledge about the OEC has been obtained from X-ray absorption [3] [4] [5] and EPR spectroscopy. [6] [7] [8] [9] From these studies, it is known that the OEC contains four manganese atoms which are arranged in two or three di-µ-oxo moieties and one mono-µ-oxo moiety. In addition, co-factors Ca 2+ and Cl -are required for water oxidation. 10 One or two histidines are directly ligated to one of the manganese atoms of the OEC, and water has also been implicated as a ligand of Mn. [11] [12] [13] [14] Glutamate and aspartate are thought to provide most of the other ligands. 10, 15 During each of the first two state transitions (S 0 →S 1 , S 1 →S 2 ) an electron is abstracted from Mn. [16] [17] [18] [19] However, during the third state transition (S 2 →S 3 ) X-ray spectroscopy studies indicate that oxidation of manganese is unlikely; an electron may instead be extracted from a ligand or a nearby residue. 16, 17 The synthesis and study of a wide variety of manganese compounds have been critical for the interpretation of the X-ray and EPR spectra of the OEC.
20-
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-5 -Several mechanisms of water oxidation have been proposed. These mechanisms are divided here into four groups, in which the character of the oxygen atoms that ultimately form dioxygen is different. In these four groups the oxygen atoms come from: two terminal oxygens bound to two separate manganese atoms, 4, 12, 16, 28, [30] [31] [32] [33] [34] [35] one terminal oxygen and one oxygen not bound to the manganese cluster, 4, 16, 28, [35] [36] [37] [38] [39] one terminal and one bridging oxygen, 28, 35, 40 or two µ-oxo bridges. 4, 16, 35, 41, 42 Each of these mechanisms involves distinctly different Mn-O bonds formed and broken during the catalytic cycle. 21 Therefore, it is useful to apply a technique, such as vibrational spectroscopy, that distinguishes among the different kinds of Mn-O bonds and other relevant bonds of the OEC.
Recently, vibrational spectroscopy has been added as an investigative tool to study the structure and mechanism of the OEC. Changes during the catalytic cycle in the 1800 -1200 cm -1 range, which arise from vibrations of the protein-residues ligated to the OEC, 14, [43] [44] [45] [46] [47] [48] [49] are complemented by those of the Mn-ligand vibrations, specifically the Mn-O vibrations, which occur in the 200 -1000 cm -1 range. [49] [50] [51] [52] Vibrations of a water molecule in the OEC have been detected in the 2500 -3700 cm -1 range, using H/D exchange studies. 14, 53 The low frequency range is especially helpful in determining the mechanism of water oxidation. Chu et al. 43, 49, 51 were able to obtain IR difference spectra of the S 1 →S 2 transition of the OEC in the 350 - 66, 67 compounds that contain a Mn-oxygen ligand unit held by porphyrin derivatives, 68 and a mono-µ-oxo compound. 62 Only the last compound contains a moiety which is structurally relevant to the OEC. Therefore, more vibrational studies are needed of manganese compounds in different oxidation states relevant to the catalytic cycle of the OEC. It is not always possible to obtain solid homologous multinuclear Mn compounds in different oxidation states, but it is often possible to generate such redox states electrochemically in solution. Therefore, a technique which combines electrochemistry and IR spectroscopy has been utilized to advantage as described below.
-7 -
In this paper we present the IR spectra and a normal-mode analysis of the tetranuclear (Figure 1 ). 69 The ligand bpea has one non-aromatic nitrogen (indicated by an asterisk in Figure 1) and were recorded in rapid scan mode (128 ms per scan). The data collection protocol has been described previously 71 and is summarized here briefly (see Figure 2) . The experiments were performed by alternating between reduction and oxidation conditions, enabling us to make a distinction between electrochemicaly reversible and non-reversible signals. Each experiment had a sequence of different redox steps; no potential applied (step 1), reduction (step 2), oxidation (step 3), reduction (step 4), oxidation (step 5). During the first redox step no potential is applied because the compound is already in the oxidized state. This sequence enables us to calculate two difference spectra during the reduction cycle of the Mn To enhance the signal-to-noise ratio of the difference spectra this redox sequence is repeated three times for each sample, 16 All of the difference spectra are presented such that features due to the oxidized species Normal-mode Analysis. Normal-mode analysis of the adamantane-like compound, which is described in detail elsewhere, 74 was performed using the GF-matrix method. 75 The linear algebra calculations of the normal-mode analysis were performed using 71 The Sum spectra are obtained by adding the difference spectra from the reduction cycle and a fraction of difference spectra from the oxidation cycle (see Figure 2) , in order to minimize the non-reversible electrolyte signals over the whole spectral range (400 -4000 cm -1 , higher frequency data not shown). In the Sum spectra shown in Figures 5 and 6 the nonreversible signals are absent or reduced greatly in intensity.
Two different types of reversible signals, both sensitive to Mn oxidation state change, can be observed by comparing the Sum spectra in Figure 5 Figure 6 . A positive feature also appears at 446 cm -1 in Figure 5 that is not present in Figure 6 .
A direct comparison of the 16 O and 18 O difference spectra in Figure 7 shows that several differences occur between the two spectra in the 520 -425 cm -1 range. However, the signals are
weak and it is difficult to determine those that are reversible and sensitive to isotopic exchange in this region. To eliminate the non-isotopic sensitive signals the double-difference spectrum of the 16 O and 18 O difference spectra is shown in Figure 7 . This exposes only the reversible signals sensitive to 16 However, the IR absorption and difference spectra of the Mn IV 4 compound show at least three strong absorption bands in Figure 3 at 510 cm -1 , 707 cm -1 , and 745 cm -1 . Nevertheless, a normal mode calculation was attempted to match two T 2 modes to these absorption bands. Table 1 presents a normal-mode analysis which assigns the 510 cm 
compound -C s symmetry
The one-electron reduced compound 2 approaches an overall C s symmetry when the symmetry of the bpea ligand is neglected. Figure 8 shows that all of the degeneracies are split upon reduction of 1 and all vibrational modes become IR and Raman active. Consequently, not only are shifts in peaks anticipated due to reduction of the compound, but also broadening of the previously degenerate modes, and new modes in the IR spectra, are expected.
The broad reversible difference signal at ~710 cm -1 resembles the signature of the Owing to the change in overall symmetry, certain modes will become IR active or inactive, and the isotopic shifts will also alter. Therefore, simulating the difference signal in the 750 -650 cm -1 and 520 -460 cm -1 ranges is not straightforward.
To reduce the complexity of the normal mode calculations of 2 some additional assumptions about the force constants are necessary. The stretching force constants of all . Table 2 presents the calculated frequencies which gave a reasonable simulation of the difference and double-difference signals, as shown in Figure 9 (for graphical representations of the normal modes see Supporting Information). Normal-mode calculations give only the absorption frequencies of the normal modes; they do not give any information about the width or intensity of these transitions. Therefore, the intensities and bandwidths are based on the information that was obtained from the solid-state spectra. Figure 9 shows that the simulated spectra match the measured spectra reasonably well in the 620 -720 cm -1 range. There are small differences between frequencies and bandwidths, but the simulated spectra contain all of the observed features. The 18 O difference spectrum has the poorest match, which is due to the fact that the isotopic exchange is only 90% complete. Therefore, the 18 Therefore, it is difficult to match all of the calculated changes with the observed shifts in this range. Nevertheless, the simulations match the observed spectra reasonably well, especially the double-difference spectrum ( Figure 9 ). Only slight shifts in some of the normal modes are needed to improve the match between simulated and observed signals. This could be achieved by including more stretching force constants, such as a Jahn-Teller and a non-Jahn-Teller force constant for the Mn III -O bond, or coupling force constants dependent on the oxidation state of the Mn atoms . However, including more variables will not give more significant information about the compound; and therefore, this expansion of variables is not presented.
Relevance to the Mn Cluster in the Oxygen Evolving Complex of Photosystem II
In summary, a good match is obtained (Tables 1 and 2 ) between the calculated vibrational frequencies, using reasonable assumptions about symmetry and force constants, and the observed vibrational modes, indicating that this approach is valid. Sheats et al. 62 used a similar approach to explain their results for a mono-µ-oxo bridged binuclear compound. One of the assumptions also made by Sheats et al. 62 is that the Mn-N interaction is much weaker than the µ-oxo bridge Mn-O interaction and hence can be excluded from the normal mode analysis.
As mentioned in the introduction most of the ligands to the Mn-cluster are carboxylate groups.
Some of these carboxylate groups may be bridging ligands between Mn atoms in the OEC, which will influence the Mn-O core modes. Therefore, these interactions may need to be included in the normal-mode analysis of the OEC. binuclear Mn compounds where both the bridges are substituted by 18 O. 49, 56 These shifts were confirmed by normal-mode analysis (data not shown). In the only other study with a binuclear mono-µ-oxo-bridged Mn compound where 16 O was replaced by 18 O, the downshift was from 717
to 680 cm -1 ; a downshift of 37 cm -1 that compares well with our study. 62 mode. 52 The band at 606 cm transition; 52 a downward shift for a transition that is supposed to correspond to a Mn III to Mn IV oxidation. 5 As detailed above, with the compound that we investigated there was a major change in symmetry that would theoretically make all 12 bridging Mn-O-Mn modes IR active.
However, we observed only three of these bands and it is also possible that the bands observed in the oxidized compound are not the same modes observed in the reduced species (see Supporting Information). The change in symmetry makes it possible that one can observe other modes.
Hence, the tacit assumption that the band shifts from 625 to 606 cm -1 during the S 1 and S 2 transition maybe an oversimplification. Because of changes in symmetry upon oxidation, as seen in the adamantane-like compound, it is possible that the two bands are not the same vibrational modes and are from entirely different symmetry representations (this can be seen also in the Supporting Information). The data from the present study show that it is too simplistic to look for one-to-one correspondence in bands on oxidation or reduction when this entails a change in symmetry of the molecule.
The disparities between the OEC and the trends seen in the adamantane-like compound -25 -could also be due to a difference in Mn-O core structure; from EXAFS it is known that the adamantane-like compound spectra do not match the PS II data. [3] [4] [5] 77, 78 -27 - -32 - Red.
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